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ABSTRACT 
The basic requirements for carbon-hydrogen 
analysis of chromatographic peaks by reaction gas 


chromatography are discussed. Major objectives of the 


project were the determination of the hydrogen/carbon 


foe) 


ratio of hydrocarbons with an accuracy better than 0.5 
relative error, and a simplified instrument design which 
allows a high degree of automation. An instrument capable 
of meeting the basic requirements is described. A gas 
sampling valve samples the chromatographic peaks. The 
samples are oxidized at 700°C to carbon dioxide and 

water in a reactor packed with cupric oxide. The carbon 
dioxide and water are separated on a Porapak N column 

and measured by a thermal conductivity detector. A 
digital voltmeter records the peak heights. 

Corrections for systematic linearity and sample 
adsorption errors are necessary to obtain the necessary 
accuracy in the H/C ratio. The analysis of 5-10 ug 
samples of 31 hydrocarbons shows a precision of 0.23% 
relative standard deviation and a median error of 0.2% 
(relative) when each sample is analysed in triplicate. 

The formulas of all the hydrocarbons, as calculated from 
the results are correct. Analysis of oxygen-containing 
compounds shows a median error of 0.9% (relative). The 


increase in the error for these compounds is partially 
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due to impure samples. Compounds containing sulfur, 
nitrogen, or halogens interfere with the determinations. 
Suitable modifications are suggested to reduce or 


eliminate the interferences. 
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INTRODUCTION 


1-1 GENERAL BACKGROUND 
Until 1960 the analytical chemist depended 


on the classical Pregl method for determination of 
carbon and hydrogen in organic compounds. A single 
analysis required from one to three hours to complete. 
The sample was weighed, placed in the furnace and 
heated for some time to complete the oxidation of the 
sample over cupric oxide. Then the carbon dioxide and 
water produced were absorbed in weighed absorbent flasks 
and these flasks werethen reweighed to determine the 
weight difference. 

In 1960 Sundberg and Maresh ‘1 and Duswalt 


and Brandt 2) 


Simultaneously published papers which 
detailed a gas chromatographic finish to the deter- 
Mination. In the first paper the weighed sample was 
oxidized over cupric oxide with helium carrier gas, 
the water converted to acetylene in a separate reactor 
and the products trapped in a liquid nitrogen trap. 
The trap was then heated and the carbon dioxide and 
acetylene separated on a silica gel column and deter- 
mined with a thermal conductivity detector. Duswalt 
and Brandt used the same method except that the 


oxidation was carried out in an oxygen stream. 


By taking advantage of the rapid analysis 
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2 
of the combustion products possible using gas chromato- 


graphy (GC), the work of Duswalt and Brandt reduced the 


analysis time to 20 minutes. 


(3) 


Vogel and Quattrone proposed a third 
variation for the determination by completing the com- 
bustion in an oxygen-filled bomb. The analysis time 
was 17 minutes. 

Other workers extended the method to include 


(4-6) In the mid-sixties a 


the analysis of nitrogen 
number of commercial analysers based on a gas chromato- 
graphic finish to the determination began appearing. 
Only the Perkin-Elmer model 240 and the F & M model 

7e) 


185 analysers have been widely accepted A com- 
parison of these two analysers and the classical 
methods has shown that the slightly less reliable 
results of the analysers are outweighed by the sig- 
nificant decrease in analysis time and the smaller 
samples requirea'’), 

A few workers have successfully eliminated 
the GC column by relying instead on sorption-desorption 


reagents to measure the different prpdtcte ec ue 


(10) 


Dugan and Aluise used an open tube, uncatalysed 


oxidation with a helium/oxygen mixture for the analysis 


of carbon-hydrogen-nitrogen-sulfur-oxygen in 16 minutes. 


(11) 


Rezl diluted the sample with helium in a piston 
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and then used frontal analysis with a thermal con- 


ductivity detector for the determination. 


( 121) G23) 


Belcher and Fleet and Kirsten analysed 


samples as small as 50 ug for carbon and hydrogen. 


Kennedy ‘14) 


used a sealed sample tube for analysis of 
volatile samples. 

All of the above methods depend on an initial 
weighing of the sample. While an electronic balance 
is generally used for this weighing, the step still 
limits the speed and usefulness of the methods. If 
the sample is a gas, different methods must be used. 

Perhaps the most important area of analysis 
in which the samples are gases is in the identification 
of the peaks on a chromatogram. While the retention 
time is sometimes enough to identify an unknown peak 
in a simple mixture,most peaks require additional 
information. For the analysis of hydrocarbons the 
ratio of carbon to hydrogen can provide the additional 
information necessary. For analysis of petroleum 
samples, the carbon/hydrogen ratio can determine the 
degree of unsaturation and the retention time can 
provide an estimate of the carbon number. For a large 
percentage of samples the isomeric form of the unknown 
is not important and more complex methods of analysis, 


such as mass spectrometry, are unnecessary. 
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Cacace was the first to attempt the 
direct analysis of peaks from a GC column. The sample 
peaks were introduced into the reactor directly from 
the column. The oxidation was carried out with a 
reactor packed with cupric oxide and reduced iron. 

The carbon dioxide and hydrogen produced were then 
separated on a column of acetonylacetone on Celite and 
measured by a thermal conductivity detector. The areas 
of the peaks were found to be proportional to the 
carbon/hydrogen ratio. Due to the problems of in- 
troducing the entire peak into the reactor and the 
difficulty of maintaining sufficient resolution of the 
peaks, the standard deviation exceeded 3%. In a series 


of papers 2°18) 


Revel'skii,~ et al.,modified this 

method by introducing the samples from a sampling 

valve. In these papers the peak heights of the carbon 
dioxide and hydrogen produced by the reactor were 
correlated with the carbon and hydrogen numbers of the 
sample with an error of approximately 5%. Unfortunately 
the method was not completely explained, and little 

data was provided. The accuracy reported is not suf- 
ficient to differentiate decane and decene from one 
another. 


(1.9) 


Berezkin and Tatarinski also used a 


sample valve for sampling the unknown peaks and deter- 
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mined carbon, hydrogen, nitrogen and oxygen simul- 
taneously. The sample was split; part going to a 
reactor containing carbon black, which produced a 
mixture of carbon monoxide and nitrogen; the remainder 
of the sample was oxidized over cupric oxide and copper, 
which produced carbon dioxide, water and nitrogen 
peaks. The products from the two reactors were sep- 
arated on two separate columns connected to opposing 
Sides of a thermal conductivity detector to give a 
composite chromatogram with both positive and negative 
peaks. The heights of these peaks gave the ratio of 
the various atoms in the original sample to an accuracy 
of 1%. No sample size or analysis time were reported 
and data was provided for only a few easily determined 
compounds. 


Franc and Pour (29) 


also attempted the deter- 
mination of the C/H ratio for gas chromatography 
samples by measuring the sum of both carbon dioxide 
and hydrogen, absorbing the carbon dioxide and re- 
measuring. The results were not equal to the classical 


methods, which have an accuracy of about 0.3% absolute 


or 2-5% relative error. 
(21) 


ek 


In 1972 Liebman,et al reported a method 
for determining C/H ratios using a sampling valve, 


oxidation over copper oxide, separation of the carbon 
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dioxide and water produced, and measurement by thermal 
conductivity. Several determinations had to be averaged 
to achieve an error of 0.5% absolute. 

The work of Berezkin and Tatarinski and 
Liebman, et al., above came to the authors' attention 
after our own work was nearly completed. 

While the works cited above are in basic 
agreement concerning the method of analysis, they still 
leave several gaps in the analysis of GC samples. A 
more exhaustive analysis of a wide variety of samples 
is necessary and the accuracy and precision of the 
analysis must be further increased to positively dif- 
ferentiate between compounds of similar carbon/hydrogen 
ratios. 

The present study is an attempt to meet these 
requirements and also to examine the instrumentation 
for the analysis. The system used must be capable of 
high precision and speed, and should not impose excessive 


limits on the type or size of the samples analysed. 


1-2 SYSTEM CHARACTERISTICS 


Several desirable characteristics for the 
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system described above are: (1) fast analysis time, 
(2) minimal data handling, (3) direct sampling, 

(4) high sensitivity, (5) high accuracy and precision, 
(6) freedom from interferences, (7) wide range of 


sample sizes, (8) simplicity of design. 


Analysis time 

The 20 to 30 minute analysis time of the 
commercial analysers must be greatly reduced to obtain 
a reasonable number of samples during a single gas 
chromatographic run. The analysis of a typical gas 
chromatographic run requiring 30 minutes and containing 
ten components requires that the diagnostic system must 
be capable of completing each analysis within one or 
two minutes. At such an analysis rate, one or two runs 
of the original mixture should provide reasonably 
complete data on the carbon/hydrogen ratios of each 


unknown peak. 


Data handling 


Due to the short analysis time, the system 
should be semi-automated with a master control unit 
capable of issuing all necessary commands to the system 


after the operator initiates the sampling operation. 
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Consideration must also be given to the choice of peak 
area or peak height for the determination of the carbon 
dioxide and water peaks as they pass through the detector. 

Area integration is the usual choice for gas 
chromatography, since numerous integrators are commer- 
cially available. However,these instruments are generally 
not capable of better than 1% precision under excellent 
conditions and performance is further degraded when the 
peaks have significant overlap. The use of moderately 
sophisticated computer facilities to handle the curve 
fitting procedures then becomes necessary to maintain 
accurate results. 

The use of peak height has several advantages. 
As noted, several previous systems have used peak height 
with success. With the system now required to produce 
only base line and peak maxima readings, the necessary 
calculations can easily be handled by a small computer 
Or carried out manually. Peak height also works better 
in cases where resolution ae than Optimal. The 
only restriction is that peak tailing should approach 
a value of base line plus normal system noise by the 
time the succeeding peak reaches its maximum reading 
as shown in Figure 1.1. The second peak height will 
not be in error in this example. If area measurements 


are used, this degree of overlap requires corrections 


aodts> std 30 HolJeminedtsb ‘sits 3 sighed Agog selon “: 


to4osteb Sas Apitotdst anne yeds a5 elssq qotew — 
Bie 162) denbeits [evan att ek sotgsTEInE spell 


489q to snkoro edt ot nove od 9 cals Jaum sotiunaialele " 


yiiszense | 925 esnameatent eset atevewoH seamless nell | | 
tnelieoxs websau neies 5exq $i onsis xslss6d te eldaqsd sok “ i 
one fedw Boebsrpsb xerltas2 ef gonsmiot tag Bas : aaot thaoe | 
yietsrebom to seu ant ere tnsovitinple aw atasy: | i 
symuo ons slbnasd of sores toes xetag@ios bedsoiteHdgoe ‘ a 
oistatsm od yisegepen eenossd ast es isbssoig qntsaly 
-edidees osexv008 

-SSpsIAsVhS Cs1svse ih tdipfed Assa to Sam edt ‘ 
tdpisd aseq bees eee aig eT isisvoe bedoly, 2A | 
souhouq of betivpss wom medeye ont age rere adiw 
yiseescen odd \apatbsss emixaim fesq bas endl, send xiao 
tetnqmoo fisme s yd balbasd od ‘i Fass. 489 hikoliee 
tested axtitow oels 4dpier Ased | Teer avo belwiso 0 
sit -Lsmitqo Ped -T them nal at noisulones exerdw Beano ‘abe 
fiosorgas binorte pnhilist Assq tsda ei noitobstest ‘yoo 
eid yd seton BOON peers, aug Sati seed to sulsv 6 
| pakbsex mumixem et podosaxt deed pabbesoove eds aaa 
Ree hid cise Baki Ai sik OObINS-92 comets 
ejnemStvesom 68%s 25 <siqnaxe eidt ab tozke at ed.ton 
anoltvet109 eetiupe: gsiievo to seupeb eidd .beey ox 


) 


De 
ee 
= 


Response 


Figure 1.1. 
measurements. 


Volume 


Effect of overlapping peaks on height 


» 
1 


taigied ao aXseq paidusizevo Yo joSt8d- 1. supget 
, ~~. 1" ‘> Th 7 sa: ts ma Tue: 


10 


to the program for computing the area. 
Height measurements are often subject to 
errors which are insignificant when using area integ- 


(22-23) have found that 


ration. Goedert and Guiochon 
peak height provides superior results if the system 
has excellent thermal stability even though poorer 
pressure and flow control. The requirement for thermal 
stability means that isothermal operation of the column 
is much preferred over temperature programming, which 
is difficult to reproduce and requires cooling to the 
initial temperature after each run. With sensitive, 
non-cycling temperature controls, large thermal mass and 
sufficient insulation; thermal stability should be 
easily maintained. The flow controls, which are dif- 
ficult to maintain at highly stable values, may then 

be simplified. 

Due to adsorption on various internal surfaces 
of both the parent hydrocarbon and water produced, the 
system design must carefully minimize these effects to 
maintain linearity and reproducibility throughout the 


sample size range. 


Sampling 


An on-line system must be attached to and 
directly sample the system under study, in this case, 


the outlet of a gas chromatographic system. This 
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requires a sampling valve, which transfers the contents 
of a sample loop from one gas stream to the other at 
the moment of actuation. Depending on the volume of 
this loop and the flow rate in the primary system, the 
valve samples a section of the gas stream of known 


width at a known point on the chromatogram. 


Sensitivity 

The volume of the sample loop is limited by 
the width of sharp peaks to approximately 1 cc in most 
systems. At a flow rate of 30 ml/min, this corresponds 
to a sample of two seconds on the chromatogram. This 
typically limits the maximum sample size to one to 
ten micrograms. The detector of the analytical train 
must have a high response factor to maintain sufficient 


Signal/noise ratio. 


Accuracy and Precision 

The system must be able to distinguish 
between compounds of adjacent carbon numbers and the 
run to run precision must consistently be within these 
same limits. The greatest problems will not come in 
distinguishing between the two highest possible ratios: 
methane (CH, ) and ethane (C,H¢) or between the lowest: 
benzene (C._H.) and toluene (CjH.), but between adjacent 


6 6 
carbon numbers in the higher saturated hydrocarbons. 
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Decane has a ratio of hydrogen to carbon of 2.20 and 
nonane a ratio of 2.22. With a relative difference 
of 1% between these two compounds the system must be 
accurate to 0.5% if no ambiguity is allowable between 


these compounds. 


Interferences 
The presence of sulfur, nitrogen, or halogens 
in the sample should not affect the carbon/hydrogen 


ratio. 


Sample size range 


Response should be linear over the entire 
sample range from the upper limit, imposed by the 
response of the voltmeter, to the lower limit, imposed 


by inadequate signal/noise ratio. 


Design simplicity 


The above requirements should be met with the 
minimum number of components in the system. Once 
assembled and tested, the equipment should require 
minimal maintenance and be simple to operate. The 
small sample size of this system will be a major ad- 
vantage since a large number of samples can be run 
before the reactor requires recharging or replacement. 


By using a Porapak column, the direct determination of 
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water and carbon dioxide should be possible without 
serious tailing. This allows the system to consist 
of solely the sampling valve, reactor, column and 
detector along with the usual pneumatic and temperature 
controls. 

After extensive tests with various instrument 
configurations, a system has been devised which meets 
the basic requirements that have just been examined. 
The following sections describe the instrument and method 
of analysis as well as the results of analysing 62 


different compounds of various types. 
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INSTRUMENT DESIGN AND CONSTRUCTION 
2-1 GENERAL DESIGN 


To obtain accuracy and precision better than 
Weds tor, the c/n ratio, (Significantly better {than 
that obtained from an ordinary GC) the design of the 
various components must be carefully examined. Some 
general design features and criteria follow. 

The reactor, which is the heart of the system, 
is based on oxidation of the samples by cupric oxide. 

No catalytic agents are present which may become 
poisoned, requiring replacement of the reactor. The 
pure cupric oxide can be regenerated by passing air 
through the hot reactor tube. 

The water and carbon dioxide pecouced from 
the oxidation of the sample are measured directly after 
separation on a short column. Conversion or trapping 
in this critical part of the system can greatly com- 
plicate the design. The number of components and the 
dead volume between the sample valve and detector are 
held to a minimum. If unnecessary variables affect 
this basic part of the system, the overall operation 
of the instrument becomes too cumbersome to be prac- 
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Control is completely automatic. The only 
operator action is that of pushing the sequence start 
switch at the proper moment. The system then produces 
a printed record of all necessary data with no operator 
intervention required. 

Every major variable is controlled to give 
roughly the same relative error and the variables are 
arranged to cancel each other wherever possible. The 
final system does not possess an observable dependence 
on any single variable. 

Since the system operates isothermally, with 
only two compounds produced in normal operation, full 
advantage can be taken of a peak height determination. 
After all possible sources of error have been identified 
and minimized,the residual determinate errors can be 


eliminated by use of small correction factors. 


2-2 MAIN SYSTEM CONSTRUCTION 


The block diagram shown on the following 
page can be separated into two principal sections. 
Column B and detector B with their associated components 
provide the samples to the main system and would vary 
with the particular system being sampled. Therefore, 


the main system components are examined first. 
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Regulated Helium Supply 
The helium supply consists of a tank of high 


purity helium (0.001% impurities, Canadian Liquid Air) 
with a two stage regulator (model 201 oxygen double 
stage regulator, Canadian Liquid Air Company, Ltd.). 
The main tank valve and pressure adjusting screw on 
the regulator are left in their operating positions 
and not disturbed except when changing tanks. The main 
gas flow is turned on and off with a valve placed down- 
stream from the regulator. 

While this method of shutting down the system 
results in a slight long-term leakage of helium when 
the system is idle, it is necessary for system stability. 
The flow controls in this system require a highly stable 
upstream pressure which cannot be maintained if the 
regulating spring and diaphragm of the regulator are 
unloaded after each session. When the regulator is first 
activated there is a slow drift in the baseline measured 
at detector A as the control setting gradually settles 
toward its equilibrium value. This settling time is 
typically about 12 hours. With the entire system depen- 
dent on the main supply pressure remaining constant, 
this drift is intolerable. 

If the regulator remains under load at all 


times with only the flow shut off during idle periods, 
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a.slight drop:in pressure of approximately 50 mb is 
observable as the shutoff valve is opened each day. 
After this initial drop the remaining drift is greatly 
reduced and the baseline reaches a steady state within 


the two hour warm-up period allowed. 


Filter 

The filter used is a model 236 mixed bed trap 
made by Guild Corporation, Bethel Park, Pennsylvania. 
It contains a layer of activated carbon to remove 
residual hydrocarbons and two sections of molecular 


Sieve drying agent, one with indicator. 


Flow Controls 

The two flow controllers (X-8744 ELF with #1 
needle, Brooks Instrument Division, Emerson Electric 
Company, Hatfield, Pennsylvania) maintain a constant 
flow rate if the upstream pressure remains constant. 
Capillary tubes are used for the fixed controls on the 
reference side of detector A and the outflow from the 
sample side of the sampling valve. All flow control 
devices are mounted together away from heat-producing 
equipment and further isolated by being sandwiched 
between two large pieces of 5 cm thick fiberglass batting. 

Gas connections in the apparatus are made with 


Swagelok fittings. Copper tubing and brass fittings 
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are employed in noncritical sections. All sections 
which operate at elevated temperatures are made of 
stainless Steel quartz (reactor), or teflon (valve 


mechanism, reactor seals). 


Buffer 

The buffer tank between the flow controller 
and the sample valve is necessary to smooth out vari- 
ations in flow from the controller and also to provide 
some isolation for the controller from sudden pressure 
surges during sample valve switching since the controller 
equilibrates slowly after sudden changes. The buffer 
tank consists of a 25 mm diameter copper tube 15 cm long 
with copper end caps soldered in place and 1/8 inch 
stainless steel tubing attached to each end. Its in- 
ternal volume of approximately 75 cc is sufficient to 
buffer flow variations from the flow controller and 


sampling valve. 


Sample Valve Assembly 


The sampling valve (Micro-volume Valve model 
2084, "Carle Lnstruments, inc., Fullerton, CaliLornia) 
is an 8-ported valve with the gas connections made as 
in Figure 2.2. In this configuration the sample and 
reactor gas streams are isolated from one another at 


all times. Each time the valve is thrown the contents 
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POSITION 2 


PO ir (OO Nam 


in 


out 


Figure 2.2. Gas connections to sample valve. 


of the sample loops are transferred from one stream 

to the other. If the sample loops are matched, the 
size of sample will then remain constant regardless of 
the direction of throw. The sample loops are short 
sections of 1/8 inch stainless steel tubing with 
internal volumes of 0.4 cc. For automatic operation 
the solenoid switched actuator (Carle model 2050) is 
used for valve switching. This actuator consists of 


a simple gas-driven piston to rotate the value shaft. 
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A double solenoid valve actuates the piston by reversing 
the high pressure and exhaust connections. The valve 
is mounted in the same oven as detector B as shown in 
Figure 2,3. 

An average sample taken by this valve is ~5 
nanoliters, and is measured in the following manner: 
The internal volume of the sample loop is 0.4 cc, 
which is equal to 0.41 cc at room temperature and 
pressure. Since the flow rate is 1 cc/sec at room 
temperature, measured with a soap bubble flow meter, 
the contents of the loop represent a width on the 
chromatogram of 0.41 sec. 

A 1 wl sample of n-decane injected onto 
column B results in a total peak area of 160,000 count- 
sec. Sampling the peak at a height of 2000 counts 
results ina sample taken of 820 count-sec which is 
equal to 0.005 ul or 5 nanoliters. This sample size 
results in a peak height for the resultant carbon 
dioxide peak of 15,000 counts or one-half of the 
maximum digital voltmeter reading. 

The stability and*accuracy~of the system are 
strongly dependent on proper operation of this valve 
assembly. Therefore, several important points must be 
mentioned. 


Since some of the sample compounds tested have 


a 7 7 os 
= 1 
: 7 an 


Q » Bf evlsy ‘Gees yd nsass- tata gina | 
 tedtem paiwol lo edt ae hasifenem et Bae 
eo y. 0 ef adol olamse 3H to Smutov. SITE: 
Sms e1L IS TOSMED moor te so. 14.0 As Esto ei : 
moox g6& ose\oo f et ake ae wort sat avai® 7 

, tagon wot eiddad aso2 & dg hw ctr eee ‘ pa : n 
stit ads nah iw-s& au aal  i eoat as Ao ae 


yee: Lb) Rb re 


otra bajosiat SET to elgmss fp £ a 


=tnos O00, fer to se%Xs teed ‘fstod sak aglnest @ | ri | 
2thvoo ‘po08 ie) Jip isn Bs 25 dada orld padtahase sie 
ai doitw oee-tenos O88 26 meas? abginge Ani, eta 7 
estie = lgmse Aner .atatilonea & 10) agony od istips: 
nodrss jrasiuess eift 701” +deded)aseg ‘6 ati edie 
ott 20 tsdisno, 40 etau0d O00)2E eo 804) abeatall: 
“pnebaex x94omhiov' Ledkeke aura ~ 
cot nhs it Senigmon bie aarets. et a 
ovley elii® Ry notiezsqo xeqotg so dnobasdeb ylpnetye 
od ee isisvse. seek ah faite 


. 


2 


*“TORFeNVOe SATA *W ‘SuoTROSUUOD seb *-q ‘azeputqTAo -y ‘uo Std 2p 
‘jzeyoerq butqunow *T ‘Ayeys eaATea *y ‘AOUS PEST YITM PeTTTF ‘eptsut sdoot etduwes 


Y3TM xOoq Usedo *5 ‘aaTea otTdues °4g 
‘(septs uo sazetd sserq yATM pejyosuUOCD 


‘ZOSUeS AOJSTUASeYyA *q ‘eHptazaAAeoO ASjeoy ss 
‘YOOTQ eaoge) 7090e30eq °D “YOoTq azejeeuU °g 


‘USAO *Y (MeTA doq) *y 103D03ep pue oaTeA oTdues JO ButQunow *¢€°z eanbty 


,evo «A (wetv got) .A snbsnied bas svisv siqmse to pais 
s(esbta mo estsiq aserd atiw besoenno> ,Aoofd avods) x0: a 


dtiw xod aeqd .0 ,svisv siqnse .% ,Toanee toseL 
_ devosstd pnignyom .I .tisde evisv .H ,jtoda basi ds iw bofii? ‘ 
-t0seU398 evisy .M (ao fsosmnoo esp -J soba iyo 


so 


4 


ao 


boiling points near 200°C, care must be taken to prevent 
adsorption or condensation inside the valve. As shown 
in the diagram, the main valve body is directly mounted 
to the heater block of the detector, which operates at 
200°C. Heating the sampling loops is somewhat more 
difficult and is accomplished by enclosing them within 
a small metal box which is then filled with lead shot 
until the loops are completely covered. All lines 
carrying the sample are wrapped with copper braid which 
is then looped around the heater block. The remaining 
space inside the oven is filled with fiberglass wool. 
The valve, Figure 2.4, consists of a polished 
metal disk with inlet and outlet connections drilled 
through it and a teflon-ceramic disk with grooves cut 
into its surface to carry the gas streams. A gas- 
tight seal is maintained by spring pressure on the two 
disks. The ball bearing maintains even pressure over 
the entire surfaces of the disks. The spring is 
normally adjusted for room temperature operation at 
high pressures. This high tension can result in 
premature wear of the teflon material at the high tem- 
peratures used. Spring tension is reduced to the 
minimum needed to maintain a gas-tight seal. If this 
is not done, the teflon crumbles enough to block the 


gas flow within a few months of operation. 
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VALVE BODY 
SLIDER 


Figure 2.4. Cutaway view of sample valve. 


During the valve throw all gas flow is momen- 
tarily cut off, which results in pressure surges being 
transmitted ‘to the detector. ~ ihe pressure surge also 
results when the two gas streams operate at different 
pressures, since the contents of the sample loops are 
compressed or expanded at the completion of the valve 
throw. The surge appears as a false peak at a point 
just before the elution of the carbon dioxide peak on 
the chromatogram and, if of sufficient magnitude, can 
cause oscillations in the baseline for several minutes. 
Because of its position on the chromatogram, this false 
peak must be rigorously controlled and suppressed to 


obtain acceptable results. 
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Operation of the piston at a pressure of 
4000 mb from a regulated nitrogen supply minimizes the 
first cause of error. To keep the valve throw time to 
a constant value of about 0.1 sec, the piston is lub- 
ricated with a commercial molybdenum sulfide oil (Moly- 
Slip, Slipco Chemicals of Canada, Bowmanville, Ontario) 
at the start of each day. 

The second cause of pressure surges is more 
complex. With the reactor side of the valve operating 
at 1250 mb, the minimum spike from detector A is obtained 
at a sample pressure of 1600 mb. Since the flow con- 
troller on the sample side maintains a constant flow 
rate, a length of capillary tubing on the outlet from 
the valve can maintain a constant pressure drop to 
atmosphere. | 

With the sample stream pressure maintained 
within 50 mb and the nitrogen supply to the piston 
within 150 oe the residual false peak does not exceed 


10r counter i(5.0 tivd . 


Because the several variables affecting the 
pressure surge cannot be completely equalized for the 
two directions of valve throw, separate calibrations 
are necessary for each direction to correct for the 


slight difference in response. 
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Rea cror 

The reactor construction is shown in Figure 
Beawee tie LtuUrnace Consists Of a quartz tube 33 cm long 
with an outer diameter of 18 mm. The central 30 cm of 
the tube are covered with a layer of Fibrefray Insulation 
#9703 (Carborundum Ltd., Ontario) secured in place by 
3M fiberglass tape. The heating element of 1/8 inch 
wide chromel ribbon with a resistance of 1.06 ohms per 
foot is then wound around the insulation. The power 
cord is silver soldered to the ends of the element and 
the element is secured with more fiberglass tape. Three 
layers of Fibrefray insulation are then wrapped around 
the tube. After the completed furnace is baked for 12 
hours to remove volatile components it is ready for use. 
The thermocouples are 20 gauge chromel/alumel wires 
inserted through notches cut in the transite plugs and 
orvenaine approximately 10 cm from each end. The transite 
plugs simply minimize heat losses and provide a guide 
for centering the reactor tube but are not used to 
support the reactor because the fragile quartz tubing 
would shatter when the end fittings are tightened. 

The reactor tube is a 28 cm length of 6 mm 
quartz tubing with short sections of 3 mm quartz tubing 
fused to each end to minimize dead volume and allow the 


use of 1/8 inch fittings on both ends. Stainless steel 
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Figure 2.5. Diagram of reactor and furnace. 


ferrules are used on the end fittings with a layer of 
teflon tape first wrapped around the tube to prevent 
shattering as the fitting is tightened and to provide 
a better seal. 

The reactor packing consists of wire-form 
cupric oxide (ACS certified, Fisher Scientific Company, 
Fairlawn, New Jersey) which has been crushed and 
sieved to a 30/60 mesh size. This provides a uniform 
packing of the tube without excessive pressure drop. 
The packing is held in place with short sections of 
30 gauge copper wire in each end of the tube. 


This reactor design is highly efficient and 
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has low power consumption. The overall diameter of 
the furnace is only 4 cm, yet the outside of the in- 
sulated portion is not hot to the touch when the unit 
is in operation at temperatures above 700°C. 

The inlet end of the reactor and the end 
connections are insulated with fiberglass wool to prevent 
condensation. The reactor is connected directly to 
the column with an 1/8 inch union. 

The temperature profile along the 28 cm central 
portion of the reactor tube is shown in Figure 2.6. 
The furnace is slightly hotter near the inlet end due 
to a slight nonuniformity in the heater winding. The 
abrupt temperature drop on the outlet end is caused by 
the absence of insulation between the end of the heating 
element and the transite plug. This is necessary to 
prevent an excessive temperature at the column inlet. 
The column packing is destroyed by temperatures exceeding 
200°C. The stainless steel column is a moderately poor 
heat conductor so that, if excessive heat exists at the 
union, the first few centimeters of the column will be 
damaged. The temperature at the inlet connector is 
approximately 260°C. The outlet connector operates 
BCel 30, Cc. 

The upper temperature limit of the reactor 


is determined by the point at which significant amounts 
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Figure 2.6. Temperature profile along packed portion 
of reactor tube. 
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30 
of oxygen are produced by decomposition of the cupric 
oxide. This is shown by a rapid rise in baseline at 
detector A as the furnace temperature is raised. 

The temperature controller for the furnace 
is an API 0-1000 degree centrigrade model 226 propor- 
tional controller (API Instruments Company, Chesterland, 
Ohio). The controller maintains the set point within 
0.5°C. Its stepless control of temperature by varying 
the duty cycle of a thyristor prevents observable tem- 
perature cycling when properly adjusted. 

After analysing 300-400 samples, the reactor 
is recharged by passing air through it at operating 


temperature. 
The residence time in»the reactor: is approx- 


imately two seconds. The insertion of a bypass tube 
around the reactor gives the same retention time for 

an air sample as that obtained with the hot reactor 
tube in place. Since the flow rate is 20 ml/min and 
the volume, of the bypass is 0.6'cc, the time for the 
air peak to pass through the bypass must be two seconds. 
This is then equal to the time necessary to pass 


through the reactor tube. 


Column A 

The main separating column is a 30 cm long, 
1/8 inch outer diameter stainless steel tube packed 
with 80/100 mesh Porapak N (Waters Associates, 


Framingham, Massachusetts). This highly polar Porapak 
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allows excellent resolution of the water and carbon 
dioxide peaks with a short column length at a tem- 
perature high enough to minimize water peak tailing. 
The short column length is necessary to minimize the 
pressure at the sample valve. 

Column temperature is controlled by an RFL 
model 70 proportional temperature controller (RFL 
Industries, Inc., Boonton, New Jersey) with thermistor 
sensor and regulation to .0.05°C.. Column B and both 
detectors are controlled by similar controllers, all 
of which are mounted on a large aluminum sheet which 
acts as a heat sink. 

To stabilize the column temperature, the 
column is wound around a cylindrical aluminum block 
approximately 7 cm in diameter and 15 cm long with 
holes drilled in it to hold the 25 watt cartridge 
heater and the thermistor sensor. To maintain good 
thermal contact with the core, the column is covered 
with a layer of copper wire braid. The entire assembly 
is then heavily insulated with a 10 cm layer of fiber- 


glass wool. 


Detector 
The detector oven is a Gow-Mac TR2B (Gow-Mac 
Instrument Company, Madison, New Jersey) with the 


original thermal switch replaced by the proportional 
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controller and the original thermal conductivity cell 
replaced with a Gow-Mac model 460 detector block. This 
flow-through cell has low internal volume (0.35 cc), 
fast response time (0.5 sec) and high sensitivity with 
W2X filaments installed. Since this cell is much 
smaller than the cell normally mounted in this oven, 
copper block spacers are used on each side which also 
serve as gas preheaters with the 1/16 inch stainless 
steel inlet tubes passing through the spacers before 
connecting with the detector. The sample inlet tube 
is further heated between the spacer and column con- 
nection with Copper braid. A short length of tubing 
between spacer and column is used, with heavy insulation 
to prevent adsorption of the water vapor on the tubing 
walls. 

The bridge power supply is a Lambda model 
LL903 0-40 volt power supply (Lambda Electronics 
Corporation, Melville, New York) with + 4 mv regulation 
and adjustable current limiting to prevent filament 
damage. A 1.0 ohm 10-turn potentiometer provides 
ZerOacontrolwof) thesbridgéacizrcuit.spSancectheo£fil> 
aments gradually age and shift the balance point, 
provision for external trimming resistors has been 
provided on the terminal box which contains the poten- 


tiometer. 
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Digital Voltmeter (DVM) 

The instrument chosen for peak height sensing 
is a Solartron LM1440.3 Voltmeter (Solartron Electronic 
Group Ltd., Farnborough, Hampshire, England). This 
instrument operates on the successive approximation 
principle, with a series of precision resistors being 
switched in and out of parallel at the summing input to 
an operational amplifier until balance with the input 
Signal is obtained. This type of voltmeter is ideal 
for peak maxima detection since the voltmeter can be 
switched to compare the largest previous reading and 
the present voltage and initiate a new conversion only 
if the present value exceeds the previous maximum. 

For the present study the system is used in 
the maximum sensing mode on its most sensitive range of 
150 mv full scale with 5 pv resolution so that a full 
scale reading registers 29,999 counts. Since a slight 
bias is used in the sensing circuit to prevent false 
triggering, base line readings are also made in the 
maximum mode. The instrument has been carefully ad- 
justed to exceed the manufacturers specifications in 
sensitivity so that the instrument senses a difference 


of no more than 2 counts (10 uv). 
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Junction Box and Printer 

the outpucrieveis ol™the! BCD outputs trom the 
voltmeter are not directly compatible with the TTL in- 
puts to the Model 5100 Printer (Monitor Labs, Inc., 
San Diego, California). A major portion of the circuitry 
in the junction box, shown in Figures 2.7a and 2.7b, 
provides the necessary signal conditioning. A two 
position switch allows the printer to be operated in an 
external command mode, with the sequencer providing the 
print and reset commands; or an automatic mode, with 
the print command coming from the voltmeter. The auto- 
Matic mode is useful when continuous interval sampling 
is needed, as when checking baseline stability. The 
logic gates and triggering transistors on board 1 
provide proper synchronization of the print command 
Signal in both modes. In the external command mode the 
voltmeter external reset is connected and a print com- 
mand signal is generated only if ENABLE and EXTERNAL 
PRINT are ON and the printer BUSY signal is OFF. In 
the automatic mode the reset is disconnected and the 
print command signal is generated when the TRIGGER is 
ON and BUSY is OFF. Power is provided by a zener con- 
trolled 5 V supply driven from the +10 V DVM supply 
line. All inputs for the printer are brought to two 


terminal strips for easy modification of the data inputs. 
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MODE CONTROL SWITCH 


BOARD 2 
1. IN-10,000 A OUT-10,000 
2. -30 v B OUT-ENABLE 
3. IN-20,000 C OUT-TRIGGER 
4. IN-ENABLE E OUT-4000 
5. IN-TRIGGER E OUT-8000 
6. IN-4000 F OUT-20,000 
7. IN-8000 H OUT-NEGATIVE POLARITY 
8. IN-20,000 s 
9. IN-NEGATIVE POLARITY kK 
10. L 
ps M 
12. N 
13. P 
14. R 
15. IN-SWITCH AUTO s 
16. IN-SWITCH COMMAND T 
17. IN-BUSY U 
18. OUT-PRINT Vv 
19. PRINT-EX? w 
20. X COMMON 


TRIGGER 


2k. Y> 459 


77 ie 


PIiGUee (2 jac MunCULONebOx Circuits. . Boarduzi— print 
command control circuits and data lines. Resistors 

in ohms, capacitors in microforads, transistors - 2N 3904, 
diodes - general purpose silicon. Circled numbers refer 
to edge connections listed in table. MODE CONTROL SWITCH 
is shown in the external command position. The 470k and 
10k resistors in the ENABLE circuit are mounted inside 

the DVM to divide down the +200 V. Nixie tube supply 
which is synchronized to the portion of the sampling 

cycle when the ring register is holding a stable reading. 
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BOARD 1 

1. IN-1 A OUT-1 

2. IN-2 B OUT-2 

3. IN-4 c ouT=4 

4, IN-8 D otr-g 

5. IN-10 E oOUT-10 

6. IN-20 F OUT-20 

7. IN-40 H oUT-40 

8. IN-80 J oUT-80 

9. IN-100 K OUT-100 

10. IN-200 L outT-200 
POWER SUPPLY 11. IN-400 M OUT-400 

12. IN-800 N oUT-800 

13. IN-1000 P OUT-1000 

14. IN-2000 R OUT-2000 

15. s 

16. T 

Dre U 

18 Vv 

19. w 

20. X COMMON 

21 Y +5 v. 

DATA BIT 1 22, e410nv. 


Figure 2.7b. Junction Box Circuits. Board 1 - Power 
supply and data lines. Resistors in ohms, Capacitors in 
microforads, Transistors - 2N3904, diodes general purpose 
silicon.Circled numbers refer to edge connections listed 

in table. All data bits and negative polarity line, except 
bit 10,000, are wired as shown for bit l. 
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The printer allows any data input column to 
appear in any of the 21 columns across the paper tape 
output. The printer is normally fitted with seven 
data input columns with later ape sion possible. 
Column 0 is connected to the sequencer and identifies 
the current position of the sampling valve. Column 1 
is also connected to the sequencer and identifies the 
four readings in each cycle with appropriate numbers. 


Columns 2-6 record the voltmeter reading. 


Sequencer 


The sequencer is assembled using a Heath 
EU-801A Analog=Digital Designer (ADD) (Heath Company, 
Mississauga, Ontario). The various components are 
supplied on plug-in cards with spring push-in connec- 
tors on “ea of each card. All interconnections are 
made with standard 22 gauge solid wire. A power supply 
is provided as well as a number of switches and status 
lights and a signal generator which provides the master 
square wave clocking pulses. 

A simplified block diagram of the sequencer 
circuit is shown in Figure 2.8. The complete 
schematics are shown in Figures 2.9a and 2.9b. The 
counter and decoding gates control the print-out times 


during the cycle and the firing order gates determine 
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DECODERS 


FF A#=E Gates l=4 


GENERATOR | 


pb2 
Figure 2.9a 


Figure 2.8. Block diagram of sequencer functions. 


the order of the print and reset commands. The syn- 
chronization flip-flops provide input and control 
Signals to the other two sections of Figure 2.9a. The 
pulse generator supplies firing pulses for the sample 
valve. 

For a complete description of the operation 
and theory of digital logic components, see Malmstadt 
and Bakes?) 

Switch A allows the count to be halted at any 


point during the cycle. In the event of a misfire, 


PBl aborts the cycle and resets all flip-flops. PB2 
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starts the delay monostable and begins the count 
sequence by deactivating the lock-out gate on the first 
flip-flop. 

Figure 2.9b shows the pulse generator for 
firing the sample valve. It includes a variable delay 
for correction of the time required for the sample to 
move from the detector into the sample loop. The 
necessary outputs for identification of the current 
valve position are also provided. All switches meena 
ADD unit are internally wired in the manner shown in 
the dotted portion of the figure. 

The parts of the sequencer shown in Figure 
2.9a provide set and print pulses at the proper times 
during the cycte. “Fiap=r1lops A co Hand decoder gates 
1-4 are the heart of the sequencer. The flip-flops are 
connected as a simple asynchronous binary divide by 32 
counter witha cycle time or two minutes. “Thus the 
sample cycle is broken into 4 veeona bits. “By changing 
the appropriate connections to the NAND gates, the 11-14 
printout times can be selected at will. Flip-flops 1 
and 2 provide synchronization signals for gates 
at’ top right. Since each flip-flop in the chain can- 
not change state until after the preceeding flip-flop 
has completed its transition, the decoding gates could 


sense false input conditions as the count transition 
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cascades down the chain. Flip-flop 3 prevents false 
triggering of decoding gates 1-4 by delaying activation 
until well after all ripple transitions are completed. 

The functions and times of operation of the 
decoder gates are shown in Table 2.1. Note that after 
the printout cycle triggered by gate 4 is completed, 
gate 5 stops the cycle with all flip-flops in logic 1 
state until the operator starts the cycle again by 
pushing PB2. 

The remaining parts of the circuit provide 
identification of peaks for the printer (gates 6-8) and 
generate the firing pulses for the reset and print 
commands in the proper sequence (gates 9-17). Print- 
outs one and four require a reset pulse followed by 
the print command and two and three require the opposite 
firing order. 

Figure 2.10 illustrates the transitions of 
the various gates and synchronizing flip-flops during 
the first printout cycle, controlled by gate 1. The 
three other printouts will occur in the same general 
Manner. If gate 9 opens (logic 0), the reset pulse is 
to precede the print pulse. If gate 10 opens, the 
print pulse will occur first. The Q condition from 
flip-flop 2 generates the first pulse, and the second 
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TablLew2.eu. 


Firing Order of Decoding Gates 


Gate Function Count Input Logic 
1 First baseline 0 hep Cae ak 
measurement 
2 CO, peak maximum 5 Ear Cuben 
3 HO peak maximum 20 EDCBA 
4 Second baseline 3k HD Cys 2 


measurement and stop 
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Figure 2.10. Sequence of gate switching during a 
printout cycle (Printout one shown). 
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that the output pulses can never occur until flip-flop 

1 changes to a logic 1 state. This delay prevents false 
triggering of the gates as flip-flop 2 changes state 

and prevents interference between printer and DVM since 
printer, DVM and sequencer all operate with a common 


ground. 


Solenoid Drivers 

The solenoid drivers, shown in Figure 2.11, 
perform two functions. First, they must amplify the 
small current capability of the sequencer relays to 
the level required to fire the line voltage solenoids. 
Second, they must isolate the sequencer from the high 
noise levels associated with switching the high induc- 
tance solenoids. 

The current amplification is accomplished by 
a transistor driving the coideof ajrelay\.(KM110, Potter 
and Brumfield). The contacts of this relay are capable 
of carrying the line voltage required by the solenoids. 
The various diodes and capacitors suppress switching 
noise. Since the sequencer power supply can not be 
sufficiently decoupled if it supplies the operating 
current for the power relays, the separate battery power 
supply is used instead. The battery supplies significant 
current only briefly at the moment of firing. The small 


residual current drain of the filter capacitor and tran- 


 qotthause ckoaw aue90 teven eo IE ugsae 
sels? ednoverg yelsb ekar egade t bivot 6 of ee 
etste eapastio § coli-qit? es aedsp ont to pai weet 


‘gonte uvd pres xednbsq Hosted soastistiesat 


‘onmwnas 6B Atiw edataqo tw reomaupes ba Ma 


qfL.$ eauelt rtd awore, exaust bionstow. bade a 


oo a 


ont yRitgms Seti ere ee feat anoidoayh ‘ows oop 
ot eyelet arg ial ond to wittdeqes Snes 


-abloas los spediov. ents ont ‘onit os ‘beaks 
dptd ons ost tsoneupes als stsioet sate ¥ 
“ru bre seid ers piiisiod We a boasioones steve. oe 


yd bodies Lqmodos at nokeoid Legis \spduanil = | 
tatto4 ,OLIMH) yeler 6 to” Eieo oid, wae peane 
sidedso Sis ysler eu to ede dna eal ‘S(otetimoxe bos, | 
.abtomeioa ony vd boukuper epasiov omit ori paiva 20 q 
pribdlog we, aaoxaque eros boss, bas Bebolp etotrsy ott “ce 
od. gout ase yaa setae ‘seoteupee ony oats | se 
sence vastiad steregse ons Pn tewoq ents soa nn 
| iipie ak f ave eres ded ont -baodeiti Ban ed heen as | 
das = ee? | eres 0 Aeromiom odd #6 ylteind ylmo tnorws ‘ 
it sid wosionges aaste cid 20 nis tnsat0. L Mee 


46 


“OTINN pTetzunazag pue zeq40g - skeToy €y9o# Apeezeaq -— Azoyq Weg 
untuewze6 osodand [Texzsueb —- sepotg VO6ENZ -— SAORSTSUPIL 
Sperzejzozotu ut sz0ztoedesd *swyO UT SIOASTSOY 

*“SISATAP pTouSTOS JO OT}eWeYoOS “*TT°Z eanhty 


Y 
jaouaenbas 


0} 


Se SES eID 
=e een 
plousjos plousjos 


MO|IQ ;mojs “V U/L 
asny DPA OL 


o 
{ 
1 
} 
; 
ny 
i 
+m 
> 
; br 
het 
oO 
oc 
a 
a 
» 
1 yy 
D tk. ted 
2h ip 
i 
ya tee 


Tron 
ae 


“= 


TSVOT 


SHISST 


=> ~~ 
G 
© 


St 2 
al 
Se 


a 


pepewsrrs 


a 


i" 
=) 
a 
r} 
, 


gy 
® 
a 
@ 
ae 
<7 
Pn 
ie 


“ie 


47 


Sistors gives the battery a life span of more than one 
year if it is connected at all times. The continuous 
voltage on the large capacitor keeps it in peak con- 


dition so that the leakage current is small. 


2-5 SAMPLE SYSTEM CONSTRUCTION 


The equipment is designed to obtain its 
samples from the outlet of a gas chromatograph. The 
components associated with column B constitute a simple 
gas chromatograph to provide these samples and also to 
serve as a check on the purity of the compounds used 
in testing. 

A single gas stream is used in this system. 
This usually leads to difficulty in zeroing the detector 
bridge and nonlinear response due to the pressure dif- 
ferential petaoee the two sides of the detector. How- 
ever, in this system the differential is not great, 
since the major pressure drop occurs across the capillary 


and not across the column as with an ordinary system. 


Sample Injector 

After flowing through the reference side of 
the detector, the carrier gas enters the injection port. 
The injector used is a modified Swagelok 1/4 inch tee 
connector shown in Figure 2.12. This arrangement 


recovers rapidly from accidental overloading and effec- 
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SEPTUM 


COLUMN 


Figure 2.12. Sample injection port. Modified Swagelok 
Tee Joint. 

tively prevents serious diffusion before the sample 
enters the column. A length of heating tape powered 

by an autotransformer is wrapped around the outside of 
the injector to maintain a high temperature for rapid 


volatilization of the samples. 


Column B 

The column is a two meter stainless steel 
3/16 inch diameter tube filled with 80/100 mesh Durapak 
(Carbowax 400 on Porasil C, Waters Associates). By 
chemically bonding the Carbowax to the silica support, 
the upper temperature limit of the column is signific- 


antly extended. Carbowax was chosen because of the 
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wide range of substances separable on it. It is es- 
pecially well-suited for separations of the hydrocarbons 
which provide most of the samples for this study. 

The column is wound on an aluminum core 


Similar to that of column A and insulated in like manner. 


Decector 5 

The detector is a standard Gow-Mac 9285 semi- 
diffusion cell with W2 filaments. The normal 3/16 
inch copper tubing connections are replaced by 1/8 inch 
stainless steel tubing wrapped with copper braid for 
efficient heating. A Lambda LL903 power supply supplies 


current to these filaments. 


Recorder 
A Sargent model SR recorder (E. H. Sargent 
and Company, Chicago, Illinois) is used for readout from 
the detector. A simple resistive divider chain added 
to its input allows stepwise control of sensitivity 


between 1 and 100 mv full scale. 


2-4 SUMMARY 


To provide a clearer picture of the operation 
of the equipment, a timed sequence of events for one 


full sample cycle follows: 


0.0 sec- Start. When the recorder chart shows a peak 
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to be sampled, the sample pushbutton PB2 is pushed 

when the peak has reached a suitable height. The delay 
monostable and binary divider chain begin operation. 

~l sec- Sampling. The sample which was in the detector 
when the sequence started has now reached the sample 
loop. The delay monostable now fires the second mono- 
stable which in turn causes the proper solenoid to fire. 
This reverses the pressure on the piston, causing the 
sample valve to rotate to its other position. The 
contents of the loop are thus transferred to the reactor 
Side of the valve. 

feo sec hiro Nearing, = Nala gate-one activates forthe 
first baseline reading. The voltmeter is first reset and 
the result is printed outone second later. The sample 
isrow entering the reactor and is being oxidized to 
carbon dioxide and water. 

10 She ave. Cees peak maximum. The carbon dioxide 
passes rapidly through the column into the detector. 

The voltmeter senses the first increase in voltage from 
the detector and keeps sampling the height of the peak 
every sixtieth of a second until it senses no further 
increase in magnitude. The maximum reading is held by 
the voltmeter until reset. 


22 sec-Second reading. The maximum reading is printed 


out and the voltmeter reset. The carbon dioxide peak 
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has returned to near the baseline and the water peak 
is just beginning to elute from the column. ; 
30 sec- Water peak maximum. The maximum of the water 
peak is reached and the voltmeter again holds this 
reading. 

80 sec- Third reading. The sequencer prints out the 
reading of the water peak maximum and resets the volt- 
meter. The voltmeter should now show a value near the 
baseline. 

120 sec- Fourth reading. The tailing from the water 
peak has now stopped and the system is again at equilib- 
rium. The voltmet2r is reset for the second baseline 
reading and this value is printed out. The sequencer 
then locks aut the first flip-flop and all systems are 


now ready for a new sample. 
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RESULTS AND DISCUSSION 
3-1 EFFECT OF VARIOUS SOURCES OF ERROR ON PRECISION, 


The contributions of the major sources of 
error for peak heights are shown in Table 3.1. The 
proportionality coefficients are from Goedert and 
Guiochon. ‘2?) 

The measurement error is determined primarily 
by the error in reading the water peak. Assuming a 
H,0 peak height of 3000 counts and a reading error of 
two counts, two readings, baseline and maximum, are 
necessary, so the total error is four counts. The 
errors for bridge current and column temperature are 
taken from the manufacturers specifications of the 
power supply and the proportional controller. A 4 mb 


(22) at an 


variation in outlet pressure is assumed 
atmospheric pressure of 700 mb. The error in the 
column inlet pressure can only be estimated but should 
not exceed 1 mb with the flow controls used. 

The error resulting from these factors, 
€ = oe Lesequal Go \5..7 ox non or 0.57% relative 
error. “he relative standard deviation for the 3l 
hydrocarbons analysed is 0.23% or 0.45% at the 95% 


confidence limit used in the proportionality coef- 


ficients. The higher precision found experimentally 
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Contributions of the Major Sources of Error 


Source 


Column inlet 


pressure 


Column outlet 


pressure 


Column 


temperature 
Bridge current 


Measurement 


Tables. } 


for Peak Heights. 
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indicates that the assumptions made for the variations, 
especially the column outlet pressure, are conservative 
Since the ratios are subject to additional errors, such 
as the blank corrections and sample size, which are 
difficult to estimate. 

The effect of atmospheric pressure variations 
on precision can be seen clearly in Figure 3.1. The 
results with open windows show a significantly higher 
random scatter. If a least squares linear plot is made 
for the two sets of data, the relative standard 
deviations are: 0.89% with the windows open, 0.43% 
with the windows closed. A relative standard deviation 
of 0.16% is obtained for the fit of the smooth curve 
shown for closed windows. The curvature in the graph 
is probably caused by the temperature rise after the 
windows were closed. Even when the equipment is 
operated in a closed room at a stable temperature, 
passing storm fronts or periods of high gusting winds 


cause a serious increase in the scatter of the results. 


3-2 METHOD OF ANALYSIS 


To start up the equipment for operation, 
helium flow is first established. All other components, 
except the bridge power supplies are then activated. 


The filaments are not turned on until a few minutes 
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have elapsed to allow the carrier gas to flush out 
most) of the; ainws The system. disj.allowed, to,equilibrate 
for two hours before beginning analysis. During this 
time the sequencer time delay can be set by injecting 
a sample with reasonably symmetrical peaks from column 
B and sampling at a constant point on the recorder 
chart for the leading and trailing edges of the peak. 
The time delay is adjusted until the co. peaks are 
constant for both edges. Just before beginning analysis, 
the standard compound is sampled three times to check 
system functions and stabilize response. These test 
samples are not valid for inclusion as standard runs 
since the peak ratios are unstable for the first one 
or two samples after system start up. When the equip- 
ment is operating, but not sampling, only normal long- 


term. aui£tt ius..found. 


Standardization 

Ideally, the equipment could be calibrated 
once and then used for a day or more with no further 
checks or corrections necessary to maintain the required 
accuracy. Due to the exacting operating conditions of 
the analysis, frequent standardizations are required 
to correct for the various factors that cause long-term 


drift in the results. 
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Because the two valve positions show slightly 
different H/C ratios, the standards are run in pairs, 
one standard for each position. To correct for drift 
a pair of standards is run every 30-40 minutes during 
normal analysis. Thus, each unknown sample can be 
compared with two standards, one from the preceding 
pair of standards and the other from the succeeding 
pair. The average of the two results is reported. 
Since the reference standard ratios normally drift to 
the same extent as the unknown samples, the effect of 
the drift is removed. 

The standard chosen must have no known deter- 
Minate error in its analysis and should be of high 
purity. Because the necessary correction for adsorption 
effects may change for compounds of widely varying 
structure, the standard should be similar in structure 
to most of the unknown samples to be analysed. The 
sample and standards should also have similar peak 
heights to minimize errors arising from drift in the 
linearity factors. 

Since most of the samples analysed are hydro- 
carbons, 2,2-dimethylbutane is the standard compound 
chosen. It has a known purity of 99.94% and has a H/C 
ratio similar to that of most hydrocarbons, particularly 


the saturated hydrocarbons, which are the most difficult 
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to analyse because of the small H/C ratio differences 


between adjacent members of the series. 


Calculation of Results 
Baseline and blank corrections: 

The first two corrections applied to the 
peak heights of the carbon dioxide and water peaks are 
those to subtract the baseline and blank. The two 
baseline measurements made during each run are averaged 
and this average value for the baseline is subtracted 
from both peaks. The difference in the two baseline 
readings is not more than eight counts if the system 
is operating properly. 

The blank correction is made by firing the 
sample valve when no sample peak is being eluted from 
column B. The primary contribution to the blank is 
bleeding of the liquid phase from column B. The blank 
normally remains constant for a full day's runs unless 
the column temperature or flow rate are changed or the 
column becomes contaminated with a severely tailing 
sample. Since the blank is dependent on column tem- 
perature, the determination of the blank would be dif- 
ficult if temperature programming is used. To make tem- 
perature programming of column B practical, the liquid 
phase used in such cases must have a known zero blank 


value over the temperature range used. In isothermal work 
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the only requirement is that the blank value be con- 
stant and a few percent of the smallest sample peaks 

to maintain high precision. Most of the runs made 

for this thesis have a blank correction of approximately 
60 counts for the co, peak and 20 counts for the H50 
peak. The blank values are subtracted from their 
respective peaks. 

Linearity of response: 

The relation between relative error and 
sample size is shown in Figure 3.2. The graph cannot 
show whether the nonlinearity is due to the co. or the 
HO peak, but only the overall effect of both con- 
tributions, if any. 

To determine which peak is causing the non- 
linearity, a comparison is made between two hydro- 
carbons with widely differing ratios of hydrogen to 
carbon. The two compounds chosen are benzene and 
3-methylhexane. Both are available in high purity 
and show no secondary peaks from combustion even at 
temperatures well below the normal operating point of 
the reactor. 

Measuring samples of each compound with 
identical CO. peaks, the H,0/CO. ratio for benzene is 
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compared with the ratio for 3-methylhexane: 
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Pigure 143.2. Plot of % relative error in H/C ratio of 
2,2-dimethylbutane versus sample size (measured as CO 

peak height). Dots represent position 2, pluses représent 
valve position l. 
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ratio 
rm 


ratio, = 
b ¢ Wie 


m 


If the H,0 peak response is linear, the cal- 


culated and observed values for ratio H0/CO., ratio 


be’ 
for benzene, should agree. Ratio. is the H,0/CO, ratio 


measured for 3-methylhexane, is the theoretical 


rot 


H/C ratio for benzene and r is the theoretical H/C 


mt 
ratio for 3-methylhexane. The following values were 
measured for valve position l1: 


benzene peaks: 2592-H.0; 19116-CO 


2 pad 
3-methylhexane peaks: 6180-H.0; 19552-CO., 
ratio, (calculated) = 0.1383, 
ratio, (observed) = 0.1356, 
difference in ratios = 1.99%. 


Repeating the calculations for position 2: 
Ratio, (calculated) = 0.1397, 
ratio, (observed) = 0.1374, 
difference in ratios = 1.71% 


Choosing samples with equal HO peaks, the linearity 


for the CO, 


Position 1: 


peak is also checked: 


ratio, (calculated) = 0.1342, 
ratio, (observed) = 0.1359, 


aifference in ratios, =.1.24% 
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Position.2: 


ratio, (calculated) .= 04,1357, 
ratio, (observed) 0.1374, 
difference in ratios = 1.21% 


From the above calculations, both peaks show 
nonlinearity and require separate eatBactiens for sboth 
Size and valve position. Assuming that both peaks are 
linear when plotted as log peak height versus error, 
the apparent ratio of H,0/CO., R, can be corrected as 


follows: 


R (observed) 


R(corrected) = 
fart y 


f values are determined by the following equation: 
f = 1-C-log(standard peak/unknown peak). 


The values for C for each position and the two different 


‘peaks are: 


b 


atio, (calculated) 


Ratio, (observed) 
C =| ————— 
Faery 


7 J/log (benzene/3-methylhexane) 


The log term is co. peak heights for H,O corrections and 
HO peak heights for CO, Corrections. Jif jthe correc- 
tion is made for the H,O peak first, the CO. peaks 


should be within 1-2% of each other to eliminate non- 
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linearity corrections for the CO, heights. Wider limits 


2 
are then allowed in. calculating the correction for the 
CO. peak since the H,O peaks can be equalized exactly 


using the H,O peak correction factor. After correcting 


2 

the runs used in plotting Figure 3.2, the residual 

emror is Shown in Figure 3.3. Using 20,000 countsufor 

the CO, peak and 7,000 counts for H,0 as nominal 

references, the resulting ratios are within 0.25% for 

the range from the reference points to half their 

values and the error reaches 1% at about 25% of the 

reference points. The data used to compute the linearity 

factors was measured more than two months after the 

runs in Figures 3.2 and 3.3 were determined. The 

system had been idle during most of this period. The 

small residual error shows that the linearity factors 

remain constant for long periods if the experimental 

conditions are not changed. The factors have to be 

redetermined only if major changes are made in the 

system, such as changing the reactor tube or changing 

the temperature of reactor, column, detector or the 

connections, or if the cumulative error becomes significant. 
Peak height measurements are sensitive to 

column overloading and changes in the shape of the 


sample peak as it enters the analytical column. 


The base width of both peaks does change with 
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Figure 3.3. Graph of residual error after applying 
linearity corrections to data from Figure 3.2. Dots 
are position 2 and pluses are valve position l. 
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sample size, which shows that column loading is affecting 

the results somewhat. Also, the ability of the water 

to adsorb on almost every surface, particularly 

with small sample sizes, means that some nonlinearity 

will always be present. 

Correction for adsorption of the sample before combustion: 
After the H,0/CO. ratio has been corrected 

for linearity, the H/C ratio can be determined with the 


equation 


H/C ratio = 


H,0/CO, ratio(unknown) + H/C ratio(theoretical of standard) 
SB EIR nalts Relea hc Mis HES Aa cabine LS ate, Se ie De SC a a, ea ae 


H,0/CO, ratio(standard) 


The experimental errors for several hydro- 
carbons are shown in Table 3.2. A systematic error 
still remains in the results. Within the group of the 
straight chain hydrocarbons the change in ratio can be 
Clearly seen. The problem is to determine a reliable 
method of correcting for the error. When analysing 
unknown peaks, the only information available in 
addition to the H/C ratio is the retention time on 
column B, which is easily converted to k, the partition 


ratio. From the data shown in the table, log k is 


more nearly linear, with regard to % error, than k. The 


use of log k in the correction is advantageous because 
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different column temperature alter the slope, but the 
plot remains linear. 

Using the method of least squares, log k 
versus % error in the observed ratio gives a slope of 
1.320. The residual errors remaining after correcting 
for this phenomenon are shown in the last column of 
Tawre 3" 2" 

The correction is made according to the 


following equations: 


Ratio (corrected) = H/C ratio 


fe 0 
a 
ft. = 1.0 - (eins (log k(standard) - log k(unknown)), 
ve: _. AS (exror 
oS a S/100 where S = KR log k~ from the DLOE. 


The errors remaining after corrections are 
within the limits of normal experimental precision for 
hydrocarbons. 

A lower limit is necessary when using log k 
for corrections. The log goes rapidly negative for 
compounds with short retention times and reaches - © 
for peaks with the retention time of the air peak. A 
small error in measuring the retention time results in 


a large error in log k. Because the % error does not 


change further for compounds eluted before n-pentane, 
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Table ‘Siz 


Table of compounds, corrected for nonlinearity, showing 
effect of sample adsorption on the experimental ratios. 
k is the partition ratio.on a 3/16" diameter, 2 m Durapak 
(Carbowax 400 on Porasil C) column at 120°C and a flow- 


rate of 60 cc/min. 


Compound % Error k Log k Error after 
rc an B/C Correction 
Ratio for Sample 
Adsorption 
n-pentane =Q452 0..8..4-0:.10 -0.20 
n-hexane 0:02 1.3 D218 -0.04 
n-heptane Oe Ded, 29 0.46 Owl 5 
n-octane 0.78 5.4 Ona 3 0.16 
n-nonane 0.94 | 0499 =O o.8 
n-decane Me odes ohn 20 
2,3,4-trimethylpentane 0.82 4.2 0.62 OLS 
2,2,4-trimethylpentane 0.45 8.8 0.54 -0.08 
2,2,5-trimethylhexane 0.«89 641 0<738 0.04 
3-methylhexane 0.51 2.6 0.42 0.14 
2-methylpentane -0.24 Le 4 0.14 -0.24 
2,3-dimethylbutane 0.04 1.4 0.14 0.04 
cyclohexane 0.43 16 0.20 O35 
cyclooctane Lwal5 6.6 0.82 Qe25 
benzene Owl2 263 0.36 -0.17 


toluene 0.85 Diaih 0443 0.46 
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the retention time for n-pentane is the lower limit 
chosen. 

Because peak height measurements are sensitive 
to changes in the injection function, many possible 
reasons for the systematic error could be suggested. 

The cause of the error must be in either the reactor 

or the tubing connecting the sample valve to the reactor 
since the sample is in contact with only these components. 
The most probable reason is an adsorption effect from 

the walls of the tubing. The interior walls of the 
tubing become coated with a layer of pyrolytic carbon 
from decomposition of the compounds passing over them. 

The result can be that the connecting tubing with its 
layer of deposited carbon, acts as a small capillary 
column which broadens the sample peaks as their boiling 


points increase. 


To be useful the correction should also hold 
with non-hydrocarbon compounds. As the results from 
the next section show, the H/C ratio for non-hydro- 
carbons varies in approximately the same fashion. 
Problems of sample purity with the hetero atom com- 
pounds obscure the results somewhat, but the evidence 
seems clear that most hetero compounds show the same 
relation and the value of Ce May be nearly identical 
to that of the hydrocarbons. Cs may change with 


columns other than the Carbowax column used, but the 
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relation should hold for other nonspecific, nonpolar 
liquid phases which separate primarily in order of the 
boiling points. Columns which separate by polarity or 
other specific effects will probably give a reliable 


plot only for a restricted type of sample. 


3-5 ANALYSIS RESULTS FOR 62 COMPOUNDS 


To sample a compound the sample pushbutton 
PB2 must be pushed when the recorder pen deflection is 
sufficient to yield carbon dioxide and water peaks 
within the limits of good linearity correction. For 
the conditions used in this study, most compounds are 
sampled at approximately 10 mv recorder deflection. If 
the first sample does not give peaks of convenient size, 
subsequent samples were taken at a point which will 
give a resonable sample size. Triplicate samples are 
determined with no results rejected except those from 
obvious equipment or operator errors. The formulas 
shown in the tables which follow are computed by mul- 
tiplying the H/C ratio found by the integers from 1 to 
12. The product which is nearest to a whole number is 
then reported in the table. The program rejects any 
result with more than 2n + 2 hydrogen atoms, where n 
is the number of carbon atoms. The result of this 


calculation is that the most probable formula will be 
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the lowest even multiple of the correct formula. 
Benzene CoH will show Cj, and all singly unsaturated 
noncyclic alkenes will have a formula of CH... 

Table 3.3 shows the results of a variety of 
saturated hydrocarbons and Table 3.4 shows results for 
various other types of hydrocarbons. Table 3.5 lists 
a representative sampling of compounds containing 
oxygen as a hetero atom and Table 3.6 lists the results 
of analysis for compounds containing nitrogen, sulfur 
or halogens. The reference standard for all runs is 
2,2-dimethylbutane. The complete data are listed in 
the tables in the appendix to this thesis. 

Since a few of the compounds shown in the 
tables show determinate errors, the average error or 
standard deviation are not reliable indicators of the 
error between predicted and experimental ratios. The 
median error is used instead. Table 3.3 has a median 


error Of 0.18%. Table 3.4,. 0.2237, and Table 3.5, 0.88%. 


summary 


The difference in the median error for the two 
sets of hydrocarbons is probably not significant. The 
method works well for all hydrocarbon samples, with 
none of the samples showing an error sufficient to 


result in an incorrect formula. Most of the small 
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Table 3.3 


Results for Various Saturated Hydrocarbons 


Compound 


Methane 

Ethane 

Propane 

n=-Butane 

n=-Pentane 

n-Hexane 
2,3-Dimethylbutane 
2-Methylpentane 
3-Methylpentane 
n-Heptane 

3-Methy lhexane 
n-Octane 
2,2,4-Trimethylpentane 
2,3,4-Trimethylpentane 
n-Nonane 
2,2,5-Trimethylbenzene 
n=-Decane 

Cyclohexane 
Methylcyclohexane 


Cyclooctane 


Formula Ratio Percent 


Found Error 


3.7647 
2 «98/9 
2 6159 
2.5083 
2 898. 
2 3:20 
2.3342 
2 S216 
2.3344 
2.2992 
2.2939 
2.2056 
2.2482 
2.2541 
262183 
Pie eo 
Jk 955 
2.0070 
2.0026 


2.0050 
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Table 3.4 


Results for Various Unsaturated and Aromatic Hydrocarbons 


Compound Formula Ratio Percent Most 
Found Error Probable 
Formula 
2-Methylbutene-1 CeHi 4 2.0033 Ore das CH, 
Pentene-2 CoH 9 2.0090 0.45 CH, 
2-Methylpentene-1 CoH > 2.0043 Oe a2 CH, 
cis-4-Methylpentene-2 CoH > 2.0045 0.23 CH, 
Cyclohexene CeHig 25 Gyl LAL 0.26 CH, 
Benzene CoH, 0.99 83..4-0.17 CH 
Toluene CoH, 1.1482 0.46 CoH, 
Ethylbenzene CoH ds 2D Lp. O72 C,H. 
n-Propy lbenzene CoH > 1.3362 O22 C3H, 
Tsopropy lbenzene Coli 1. 3332, 4-0 01 CH, 


t-Butylbenzene 1.3989.,.-0.08 CAH 
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Table 3.5 


Results for Various Oxygen-containing Compounds 


Compound 


Isopropyl Acetate 
n-Propyl Butyrate 
Butyl Formate 
Allyl Propionate 
Methanol 

Ethanol 
2-Propanol 

Allyl Alcohol 
t-Butyl Alcohol 
t-Amy1 Alcohol 
Allyl Ether 


n-Butyl Ether 


Allyl Phenyl Ether 


bis (2-Methoxyethy1) Ether 


Dioxane 
Propionaldehyde 
Valeraldehyde 
Acetone 
3-Pentanone 


4-Heptanone 


Formula 


Ratio 
Found 


oe ULOS 
2.0229 
2.0247 
1.6806 
4.0348 
330592 
2.17066 
2.0342 
2.4970 
2.3949 
1.6803 
2.2491 
1.1406 
2.0245 
2.0093 
2.0699 
2.0307 
2.0296 
Papa si liye) 


2.0124 
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Tablero.0 
Results for Various Compounds Containing Nitrogen, Sulfur, 


and the Halogens 


Compound Formula Ratio Percent Most 
Found Error Probable 
Formula 
Pyridine C.HLN LoOue7 esg CH 
Acetonitrile CH.N 1.4390 -4.07 CoH 3 
Nitromethane CH,NO., 29 TI A= G14 CH, 
Dimethyl Formamide CHONO 2 iacO SW. | e560 CoH, 
Carbon Disulfide CS. 4.1418 - CH, 
Dichloromethane CHACl. 2. O24) ste 22 CH. 
1,2-Dichloroethane C5H,Cl. 20339 69 CH, 
Dibromomethane CHBr. LOS 6) = 3. 42 CH, 
Diiodomethane CHAI, 2.0354 Ra Re CH. 
Tetrachloroethylene CjCl, CO, peak only 
Monofluorotrichloromethane CFC1l CO. peak only 
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deviations remaining are attributable to normal scatter 
of the results. The only hydrocarbon to exceed the 0.53 
error limit stated in the introduction is methane, which 
is Known to be extremely difficult to oxidize. Since 
there is no other possible similar ratio the error 
observed is acceptable. The H/C ratio of methane shows 
any malfunction causing incomplete combustion and is 
the preferred check compound for adjusting reaction 
conditions. Increasing the flow rate through the 
reactor by 50% results in a 50% error in the methane 
Fatios 

The oxygen-containing compounds show somewhat 
poorer results. Yet only one compound, allyl phenyl ether, 
gives the wrong formula. Like many other compounds in 
this table, a high impurity level is known to be present 
in this compound even though no definite secondary 
peaks are observed on the Carbowax column. Where the 
impurity peaks coincide with the primary sample peak 
or overlap it closely, the equipment cannot be expected 
to give the proper results. The lower molecular weight 
alcohols have observable water peaks which partially 
overlap the main peak and probably cause the high results 
for these compounds. Many of the alcohols show severe 
tailing on the Carbowax column with the blank correc- 


tions being so large that the accuracy of the results 
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suffers. 

The results for compounds having hetero atoms 
other than oxygen show that a reactor with pure cupric 
oxide is subject to definite systematic errors from 
such compounds. Nitrogen-containing compounds can be 
identified by a carbon dioxide peak which begins rising 
from the baseline earlier than normal. The nitrogen 
peak is resolvable at lower column A temperatures. 
Sulfur probably appears as SO. which has a retention 
time nearly identical to the water peak but tails 
severely. The halogens give no observable secondary 
peaks, but do cause the system to give unstable readings 


for some time after running compounds containing them. 


3-4 LIMITATIONS OF THE METHOD AND SUGGESTIONS FOR 
EURTHER WORK 


For hydrocarbon analysis the instrument meets 
essentially all of the requirements for on-line analysis 
of C/H ratios stated in the introduction except for the 
interferences of sulfur, which is often found as an 
impurity in petroleum, nitrogen, and halogens. The accuracy 
of the system is sufficient for the demands placed on 
it, if the interferences can be eliminated. Many 
reagents have been studied for removing these inter- 
(25,26) 


ferences. The reactor can be easily modified to 
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include a short section of one or more of these reagents 
to eliminate this problem. The reagents will probably 
not be amenable to regeneration. This will place an 
upper limit on the life expectancy of the reactor tube 
dependent on the number of sample runs containing 

these interfering elements. For nitrogen it is more 
practical to correct for the presence of the nitrogen 
peak than to attempt its removal. Better resolution 
between the nitrogen peak and the CO. peak is obtainable 
at lower column temperatures, but this adversely affects 
the analysis time. Similarly, increasing the length of 
the column requires a slower analysis or much higher 
column temperature. Since no detectable peaks in 
addition to the peak which precedes CO. appear when 
analysing nitrogen compounds, all of the nitrogen in 

the compound is probably present in this peak. By 
determining the shape of the leading edge of the CO. 
peak with and without the nitrogen peak present, an 
additional electronic circuit can measure the height at 
a known point on this edge and obtain an approximate 
measure of the nitrogen present. While the deter- 
mination of the nitrogen/carbon ratio by this method 
cannot as ato rei tne waccuracy of the C/i ratio, it 
should be satisfactory for most compounds, since few 


compounds contain more than one nitrogen atom. More 
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important, it should be possible to subtract the con- 
tribution. of the nitrogen peak from the peak height of 
the carbon dioxide peak with appropriate calculations 
and improve the precision of the H/C ratio for compounds 
which contain nitrogen. 

The corrections for linearity and the sample 
adsorption effect make the computations of the ratios 
moderately difficult, but well within the capabilities 
of even a small computer. While it is possible that a 
set of experimental conditions exist for which these 
factors are unnecessary, a more practical approach is 
adopted in the present method by minimizing the factors 
and then holding them constant. It is much easier to 
eorrect. for. known constant error than to attempt ‘to 
eliminate it entirely, especially at the required 
accuracy. The constancy of the factors 1s proved by 
the fact that the experimental values used in computing 
the linearity factors were determined two months after 
most of the runs were made. The resulting errors in 
the H/C ratio are within the experimental limits for an 
acceptable range of sample sizes. 

The. correction for sample adsorption uses the 
experimental values from the main set of experimental 
runs. Yet it also remains constant over the week required 


to complete the analyses and still appears to fit for 
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several compounds which were reanalysed five months 
later. Of course, changes in the conditions of the 
analysis probably change the factors to a varying extent. 
Changing the reactor tube, which does have a finite 
life - even with recharging, shows the greatest effect. 
While replacing the reactor changes all of the factors, 
recharging a reactor tube does not seem to affect the 
results. Changing column B, its temperature or flow- 
rate usually requires a change in the log k correction. 
Thus, the factors can normally be expected to remain 
constant for considerable periods of time. 

The remaining possible difficulty is the 
slight change in the ratios found for compounds other 
than simple hydrocarbons. Even if high purity samples 
show a change in behavior for these compounds, the error 
can be greatly reduced by using a standard for these 
compounds which is more Similar in structure to the 
unknowns. This should be the normal procedure for an 
analysis, since the effect of the various corrections 
can be minimized by using a similar standard with a 
similar sample size so that the residual error from the 
corrections will be as small as possible. 

The results of an analysis are always dependent 
on the basic requirements that (1) the same compounds 


have sufficient vapor pressure at the 200°C operating 
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temperature of the sample valve, (2) sufficient sample 
must be present to give reasonable carbon dioxide and 
water peaks after combustion, (3) the peak being sampled 
must be a pure compound or have a constant H/C ratio 

for all species present, and (4) the sample peaks must 
not tail severely or the large blank corrections 
required will cause considerable inaccuracy in the final 


results. 
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DATA 
Conditions: All runs were made under identical con- 
ditions : 
Reactor temperature-700° 


Column A temperature-150° 


Detector A temperature-160° 

Flow rate, reactor side-20 ml/min. 

Bridge current, detector A-200 ma 

Sample valve temperature-200° 

Column B temperature-120° 

Sample side of valve-1600 mb 

Reactor side of valve-1250 mb 

Flow rate, sample side-60 ml/min. 

Bridge current, detector B-140 ma 

Recorder-30 mv full scale 

Standard compound-2,2-dimethylbutane H/C 

FatLo = 26555557 Log Kh) = 0.14 

Explanation of data: Number at left of each run in- 
dicates order of analysis. Note that for standards the 
standard for valve position one always appears first 
in the listing. The standard ratios are HO peak/ 
CO. peak. Due to limitations of the computer printout, 
subscripts in formulas are not offset and chemical 
symbols and terms such as cis, n, are in upper case. 

All peak heights shown are corrected for 


only baseline and blank as explained in section 3-2. 
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The first line for each sample shows the compound 

name, source of supply, formula, H/C ratio, and the log 
of the partition ratio, as measured on the Carbowax 
column. The first column Labelled values lists the H/C 
ratio calculated from the preceeding standard for the 
corresponding valve position; and the second column, 

the ratio using the standard following the sample. The 
ratio column shows the average of these two values and 


the average of all runs for that compound appears at 


the bottom. Spread is calculated by the formula 


SPREAD = (largest value - smallest value) x 100 


average 


The appearance of three question marks after 
a run indicate that this run is of doubtful validity. 
The value exceeds the 90% confidence limits determined 


(27) 
by the Pierce-Chauvenet method. 


The three most probable formulas appear last 
in the listing. The method of determination appears 
in section 3-3 and the sign after the formula indicates 
the direction of deviation from the formula. A plus 
sign indicates that the hydrogen number given is higher 
than the value calculated. A minus sign indicates the 
hydrogen number is lower. 
Comments: Amyl alcohol, propionaldehyde and allyl 


phenyl ether showed interfering peaks in the November 
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runs. The alcohols all showed severe tailing in the 
November runs. These compounds were redetermined in 
April with individual blank corrections to obtain 

greater accuracy. The April values are reported in 


the tables in this thesis. 
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A COMPUTER PROGRAM FOR THE 


CALCULATION OF RESULTS FROM THE ANALYSIS 


The program which appears at the end of this 
section is written in PL1 and gives a printed output 
Similar to the data tables in the preceeding section 


of this appendix. 


Requirements for data input: 


The input data can be broken down into three 
separate sections. The first five cards are the program 
prologue. They provide information concerning the run 
and supply data to the program concerning the standard 
compounds and the various corrections to be used. 

The experimental data follows, grouped into 
sets containing two standards and the data for several 
unknown compounds. This grouping is repeated until 
the batch of runs is completed. 

The end of the data is signaled by two 
Standards followed. by a blank card. This clears the 
computer and, if desired, resets the computer for 
additional data sets. 


A sample data set is provided on the following 


page. 
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Prologue: 

Cards 1 and 2 - These cards are for identifying infor- 
mation the user wishes to provide. The first card 
contains the conditions, and the second card the 
headings to be printed immediately above the conditions. 
Card 3 - Standard compound. Columns 1-66: compound 
name; columns 67-70:log k for standard; columns 71-80: 
theoretical H/C ratio of standard. 

Card 4 - Blank corrections. Columns 1-5:CO, peak blank; 
columns 6-80 :H.0 peak blank. 

Card 5 - Correction factors. Columns 1-16:linearity 
factor for position one co. peak; columns 17-32: 
linearity factor, position two CO. peak; columns 33-48: 
linearity factor, position one HO peak; columns 49-64: 
linearity factor, position two H,O peak; columns 65-80: 
log k value correction factor. 

Data Sets: 

Each group consists of a card for each of the 
two standards, followed by heading cards for each 
compound between this set of standards and the next, 
followed by the individual run values. All three sets 
of cards must be in the order of determination. 

Data cards for standards and unknown runs 


follow the same format: Columns 1-16:first baseline 


reading; columns 17-32:CO. peak height; columns 33-48: 
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HO peak height; columns 49-64:second baseline reading; 
columns 65-80:valve position. All values are reported 
as integers anywhere within the column limits. No 
decimal point is necessary. 

The second standard card must have the valve 
position appear in columns 65-66. Columns 67-68 show 
the number of heading cards to follow (maximum 10) and 
the remaining columns indicate the total number of data 
cards (maximum 20) appearing in this group, including 
the two standards. 

Next come the compound identification cards; 
one per compound. There are two compounds in the 
example. Columns 1-66 contain the compound name; 
columns 67-70,the log k; columns 71-74, the number of 
deterainations for this compound (maximum 10); columns 
75-80, the theoretical H/C ratio. 

The sample determinations then follow in order. 
Epilogue: 

The last three cards in the example demonstrate 
the format for the epilogue. Two standards appear, 
followed by a blank card. The last standard must have 
a 1 punched in columns 67-68 and a 2 in columns 69-80 
for the program to exit properly and be reset for a new 
data batch concatenated after the blank card. 


The printed output from the program lists 
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the comment cards followed by information concerning 
the standard. The data sets then follow as shown in 
the data tables except that two sets of average and 
formula data are provided. The correction for log k 

is applied only to the second set of average and 
formulas. This arrangement allows the data for com- 
puting the log k correction to be taken from Ene print= 
out if a value of zero is inserted for log k on card 
five. The output ends with the relative standard 


deviation for the batch of data. 
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